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I. INTRODUCTION

The scaling of CMOS gate lengths below 0.1um
will expose physical phenomena which are not im-
portant for current (and past) technologies. Among
these are the discrete nature of dopant ions, tunnel-
ing, and size quantization. In this work we attempt
to quantify the magnitude of these effects and iden-
tify methods to reduce or eliminate device degrada-
tion due to them.

To date, transistor dimensions are much larger
than the screening length of an individual dopant
ion (& 100/&). Moreover, the number of dopant 1ons
in a single device is rather large (> 1000). Given
these conditions it is perfectly reasonable to assume
that the net effect of the dopant ions may be de-
scribed by a continuous charge distribution. In-
deed, this assumption has proven to be quite accu-
rate in device simulation for current and past tech-
nology nodes. As we scale the gate length below
0.1um, however, we must begin questioning the va-
lidity this assumption. Another common assump-
tion is that the current flowing through the gate
insulator is neglible and can be ignored. Sub-0.1um
technologies will require! effective gate oxide thick-
nesses below 30 A. Since direct tunneling current in-
creases exponentially with reduced oxide thickness,
a limit will be reached where the thickness can no
longer be scaled. Finally, degradation of transistor
performance due to carrier confinement quantiza-
tion should be investigated for very small geometry
structures. We shall investigate these issues using
device simulation tools and suggest methods to re-
duce or avoid their effects.

II. DOPANT ION FLUCTUATIONS

As previously mentioned the discrete nature of
dopant ion charge will become evident in scaled
technologies.?3  We have performed a simulation
study on the magnitude of the effect of channel
dopant ion position fluctuations in scaled MOS de-
vices. A three-dimensional drift-diffusion simula-
tor (TMA Davinci) is employed to simulate car-
rier transport. Since we are using a drift-diffusion
model we cannot (with any certainty) make any con-
clusions about scattering-limited transport regimes.
We therefore limit our analysis to the MOSFET sub-
threshold region.

The charge due to a dopant ion is modelled by
assigning a meshpoint with a dopant concentration
equal to the inverse of the volume associated with
that meshpoint. In our simlations a uniform grid
spacing of 2nm is used in the channel region. The
test device used in the analysis 1s an NMOS with
tox =3nm, z; =10nm and Necgan=1x 10%8em=3.
In Fig. 1 the sub-threshold potential barrier for
electrons injected from the source is illustrated for
a W=L=40nm device.
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FIG. 1. Electron potential barrier for source elec-

trons in a W =L =40nm NMOS for Vgs = 0.3V and
Vps=1.0V (subthreshold region).

The location and magnitude of the “peaks” and
“valleys” in the source barrier will depend on the
arrangement of the channel dopant ions. In Fig.
2, Ips-Vas characteristics for different random ion
arrangements are shown. The dots in this figure
correspond to the continuous dopant charge simula-
tion. Note the discrete dopant ion simulations pre-
dict a significant variation in Vp as well as a negative
shift in the average Vp compared with the contin-
uous simulation. The negative shift is due to the
fact that thermal transport over a barrier decreases
exponentially with energy. Since the source barrier
due to discrete ions fluctuates (Fig. 1), a dispro-
portionate amount of the current flows through a
potential “valley” thus reducing Vr.
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FIG. 2. Ips vs. Vgs for continuous (dots) and dis-
crete random (lines) channel doping distributions. The
discrete random profiles exhibit significant variations
in threshold voltage depending on the arrangement of
channel dopant ions.

It is the variation in Vp due to ion arrangement
that is of concern for scaled technologies. The
standard deviation in sub-threshold Vp (voltage at
Ips = 1nA) for 100 random dopant distributions
18 38mV for the W = L = 40nm device. In order
to understand the dependence of this variation on
device geometry, simulations were carried out for
three different gate lengths and two different gate
widths. The results are summarized in Table I. As
expected, the variation in threshold decreases sig-
nificantly as the gate length increases. However,
these simulations indicate that threshold variance
does not decrease for wider devices. The reason for
this 1s that the subthreshold current flow is highly
localized. Nearly all of the current flows through
the path with the lowest barrier height.

W | L | oV
40nm 40nm 38mV
40nm 80nm 27TmV
40nm 120nm 20mV
80nm 40nm 39mV

TABLE I. Threshold voltage (Ips = 1nA) standard
deviation due to random dopant ion arrangment for var-
ious gate lengths and widths. Sample size for all cases
is 100. Varnation in threshold voltage decreases as gate
length increases. However, there is no dependece on gate
width. This is due to the fact that the sub-threshold
current flow is highly localized.

From this simulation study it is evident that ran-
dom dopant ion arrangement is a formidable issue
for sub-0.1lum CMOS. What can be done to reduce
or eliminate these effects? The most obvious solu-
tion is to remove the dopant ions from the vicin-
ity of the current flow path. To test this, channel
dopant ions were completely removed from the sur-
face (0 — bnm) of the L = W = 40nm structure.
Indeed, this results in a reduction in threshold stan-
dard deviation of 32% (from 38mV to 26mV’). How-
ever, it will be hard to push such techniques much
further. The reason for this is dopant ion charge
will always be required to screen the drain potential
from the source. An ultimate solution is provided
by a structure composed of a narrow semiconduc-
tor channel sandwiched between gates on top and
bottom (see insert of Fig. 3). In this structure,
the drain potential can be screened by charge on
the opposing gates provided that the silicon film is
sufficiently thin (i.e. =~ Lg/4).%® Therefore, no
dopant ions are required in the channel. In Fig. 3,
simulated Ips-Vigg curves for a double gate device
are shown for varying channel doping. For channel
doping levels below 1 x 10Y7em =3 the Ipg-Vigg char-
acteristic is independent of doping level and thus
impervious to dopant fluctuations.
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FIG. 3. Ips-Vigs curves for a double gate device with
tox = 30A, Lo = 40nm and ts; = 8nm for differ-
ent channel doping concentrations. The IV character-
istics remain unchanged for doping concentrations be-
low 1 x 1017cm ™. The drain potential is completely
screened by the opposing gates so no dopant ions are
required in the channel.

III. GATE INSULATOR TUNNELING

As the gate length of the MOS transistor is scaled,
the gate oxide thickness must also be scaled.! The
ultimate scaling limit for gate oxide thickness will
most likely be determined by direct tunneling cur-
rent. To estimate this limit we employ a non-
equilibrium Green’s function simulator (NEMO) de-



veloped at Texas Instruments Inc.® In Fig. 4,
measured and simulated IV characteristics are illus-
trated for a Si/Si02/Al MOS capacitors with dif-
ferent oxide thicknesses. The simulations employ a
two-band model with Hartree self-consistent poten-
tials and include injection from both bound and con-
tinuum states.” The oxide effective mass (m%;0, =
0.42mg) has been extracted by Brar et. al.® Oxide
thicknesses are extracted from CV measurements
usin7g a multi-band Hartree self-consistent simula-
tor.
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FIG. 4. Current density vs. gate bias for Si/5102 /Al
MOS capacitors with different oxide thicknesses. Sym-

bols represent data, lines are simulation. The substrate
is n-type with a concentration of 1 x 10'8em =2,

In Fig. b5, simulated current density vs. oxide
thickness at 1.0V is shown. For the purpose of ap-
proximating a scaling limit for oxide thickness we
shall assume a limit of 1n A per micron of gate width
as an allowable upper bound for leakage current.
For a gate length of 0.1um, this corresponds to a
tunneling current density of 14/em? (assuming ho-
mogeneous flow through the gate insulator). Ac-
cording to the curve in Fig. 5, this corresponds
to an oxide thickness of approximately 17A. One
can obtain thinner effective oxide thicknesses by em-
ploying a gate dielectric with a higher permitivity
than Si0. Dielectrics such as 7905 (¢~ 30)° and
Tas05 (e225)1 have been suggested for gate insu-
lators. However, 1t is not yet clear if these dielectrics
can form high quality interfaces required to obtain
high channel mobilities. The use of nitrided oxides
has also been studied.''1? These films provide high
channel mobilities as well as a marginal reduction
in the effective gate oxide thickness.
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FIG. 5. Simulated direct tunneling current density vs.
gate oxide thickness for a Si/5i02 /Al capacitor with
Vesp=1.0V.

IV. SIZE QUANTIZATION

Another effect that reduces the performance of
MOS devices is energy quantization due to the in-
version layer confining potential. This results in a
reduction in the density of states in the channel and
moves the channel charge centroid away from the
gate.!® As illustrated in Fig. 6 this reduces the
inversion capacitance (and thus the drive current)
of the MOS device. For an oxide thickness of 204,
quantization results in a a2 12% reduction in inver-
sion capacitance. Unfortunately there is not much
one can do to reduce or eliminate this effect.
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FIG. 6. Comparison between quantum and classical
simulation of an MOS capacitance-voltage characteris-
tic. Oxide thickness is 204, channel doping is Na =107,
and the gate material is TiN. The inversion capacitance
predicted quantum mechanically is 12% less than the
classical prediction.



ky tox =2nm
Light Electrons Light Electrons
Ky 1 ____ Vo
Ky I - ieavy Electrons
Vg
Heavy Electrons /\
ky ts=5m
Np = 1015 ¢m3

kx

FIG. 7. Conduction band edge and bound state ener-
gies for a double gate capacitor. For small silicon film
thicknesses, size quantization is enhanced. The density
of states and therefore the drive current is subsequently
reduced.

We shall now investigate the size quantization ef-
fect on the double gate structure. It was shown
in section II that this structure provides a solution
to the dopant fluctuation problem for thin silicon
films. We would like to know at what film thick-
nesses does size quantization begin to seriously de-
grade device performance. As shown in Fig. 7, for
very thin silicon films the confining potential is de-
termined by the oxide barriers which results in en-
hanced quantization. One would therefore expect
that for thin enough films, degradation due to quan-
tization would also become enhanced.
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FIG. 8. Double gate capacitor (channel) inversion
charge vs. silicon film thickness. Size quantization ef-
fects become more pronounced for film thicknesses below
~ 5nm. Channel doping is Na = 1015, togr = ZOA, gate
material is TiN, and Vgs=1.0V.

To determine the onset of this enhancement we
calculate the inversion charge in a double gate ca-
pacitor both classically and quantum mechanically
as a function of silicon film thickness. An efficient
multi-band Hartree self-consistent Poisson solver is
used for the calculations.” In Fig. 8 it is apparent
that for Si film thicknesses below & bnm quantiza-
tion begins to seriously reduce the amount of charge

in the channel. As mentioned previously, a ratio be-
tween the gate length and the silicon film thickness
of approximately four must be maintained in order
to avoid punchthrough. This suggests that a dou-
ble gate structure impervious to dopant fluctuation
effects should be scalable to a gate length of about
20nm before quantum effects seriously degrade de-
vice performance.

V. CONCLUSIONS

We have investigated the effects of dopant fluc-
tuations, tunneling and size quantization on sub-
0.1lum CMOS. It was shown that dopant fluctua-
tion effects can be supressed with a thin intrinsic
layer in bulk devices and eliminated using a dou-
ble gate device. Direct tunneling current places the
scaling limit of Si04 gate insulator thickness at ap-
proximately 17A for L =0.1um devices. Alternate
gate dielectrics with higher permitivity offer possi-
ble methods to push this limit further. Size quan-
tization effects were shown to not severely degrade
the performance of the double gate structure until
the silicon film thickness is reduced to below bnm.
This suggests that size quantization limits the scal-
ing of this structure to gate lengths of about 20nm.
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